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Virion structure of phage P68
52
The virion of P68 has an icosahedral head with a diameter of 480 Å and 395 Å-long tail,
53
which is decorated with tail fibers (Fig. 1ab, Table S1 , S2). Electron micrographs of a purified P68 54 sample contained not only native virions but also particles that were in the process of genome 55 release and empty particles (SFig. 1). The complete structure of the native virion of P68 was 56 determined to a resolution of 4.7 Å (SFig. 2, 3, Table S1 ). The structures of the capsid and tail 57 with imposed icosahedral and twelvefold symmetries, respectively, were determined to 58 resolutions of 3.3 and 3.9 Å (SFig. 2, 3, 4, Table S1 ).
59
P68 capsid structure
60
The capsid proteins in the P68 head are organized in a T = 4 icosahedral lattice (Fig. 2ab) 
61
14 . The major capsid protein gp20 has the canonical HK97 fold common to numerous tailed 62 phages and herpesviruses [15] [16] [17] . According to the HK97 convention, the protein can be divided 
65
Unlike in HK97, the P68 major capsid protein also contains an insertion domain (residues 278-66 340). The insertion and peripheral domains form a cleft that binds the extended loop of an 67 adjacent major capsid protein and thus contribute to the capsid's stability (SFig. 5).
68
The quasi-equivalent structure of the T = 4 icosahedral capsid includes conformational 69 differences in the major capsid proteins from the icosahedral asymmetric unit (Fig. 2bc ). The N-
70
terminal arms and extended loops are in one plane in the major capsid proteins that connect 71 two hexagons (Fig. 2c) . In contrast, the same domains are bent 16° in the major capsid proteins 72 that form pentagons, and 8° in subunits that connect hexagons to pentagons (Fig. 2c ). Additional 73 differences among the capsid proteins are in the structures of residues 253-263 from the axial 74 domain, which fold into α-helices in subunits that form pentamers and loops in subunits that 75 belong to hexamers (Fig. 2d ).
76
Inner capsid proteins mediate contacts of capsid with genome
77
The inner face of the P68 capsid is lined by inner capsid proteins gp21, organized with 78 icosahedral T = 4 symmetry (Fig. 2e) . Except for an α-helix formed by residues 14-21, the 55-
79
residue-long inner capsid protein "Arstotzka" lacks secondary structure elements. The inner 80 capsid proteins related by icosahedral threefold axes and quasi-threefold axes form three-
81
pointed stars (Fig. 2e ) and are arranged so that the N-terminus of one subunit is located close to 82 the C-terminus of another one within the stars (Fig. 2e) . In contrast to protein P30 of phage 83 PRD1 18 , the inner capsid proteins of P68 have limited contacts with each other.
84
The electron density of P68 double-stranded DNA is resolved inside the regions of the 85 capsid lined by the inner capsid proteins, but it is missing in the proximity of fivefold vertices,
86
where the inner capsid proteins are not structured (Fig. 2ef) (Fig. 1d) .
96
DNA is held inside the P68 head by interaction with one subunit of the portal complex
97
The portal complex of P68 is formed of twelve gp19 subunits (Fig. 3ab) 
106
(residues 6 -11) and helices α1, α3, and α5 (Fig. 3a) . The tail fiber hook enables the attachment 
110
and strands β1-3. Helix α6 of the wing domain is inserted into the neighboring portal protein 111 subunit and thus stabilizes the dodecamer structure of the portal complex (Fig. 3a) .
112
Asymmetric reconstruction of the portal complex reveals a unique interaction of one of 113 the portal proteins with the DNA positioned at the center of the portal channel ( Fig. 3b-d ). Helix
114
α9 from the wing domain of the unique DNA-binding subunit binds to a side of the DNA helix
115
( Fig. 3bc) . It is the only observed interaction that may hold P68 DNA inside its head.
116
Interface between capsid and portal complex
117
Asymmetric reconstruction of the entire P68 virion at a resolution of 4.7 Å enabled 118 characterization of the interface between the capsid and portal complex (Fig. 3ef) . Residues 1-
119
42 from the N-terminal arm of the major capsid proteins adjacent to the portal are not 120 structured. Residues 43-59 of the major capsid proteins wrap around the stem domains of 121 portal proteins (Fig. 3f) . If the major capsid proteins had the same structure as around the 
126
Inner core proteins interact with the capsid and determine the attachment sites of head fibers
127
The surface of the portal complex facing towards the center of the P68 head is covered
128
by seventy-two subunits of the inner core protein gp22 (Fig. 3a) . 
137
Head fibers can position P68 particles for genome delivery at cell surface
138
The P68 head is decorated with five trimers of head fibers gp14, which are attached to 
162
Residues 340-477 of the head fiber are homologous to the receptor binding proteins of 163 lactococcal phages TP901-1, P2, and bIL170 ( 
171
Lower collar complex of P68 tail
172
The lower collar complex is attached to the portal complex and forms the central part of 173 the P68 tail (Fig. 1ab, 5a ). The dodecamer of lower collar proteins (gp18) has the shape of a 174 mushroom with a head diameter of 162 Å and total length of 146 Å (Fig. 5a ). It contains an axial 175 channel that is continuous with that of the portal complex (Fig. 1b) . 
188
Tail knob and tail spike
189
The tail of P68 continues beyond the lower collar protein by tail knob gp13 and tail spike 190 gp11 (Fig. 1ab) . The two complexes were reconstructed to resolutions of 11 Å and 7 Å,
191
respectively, indicating that they are more flexible than the parts of the tail near the phage head
192
( Fig. 5d-g ). This flexibility may be required to allow the putative cell wall-degrading enzymes 193 located in the tail spike to cleave a pore in the bacterial cell wall to enable genome delivery.
194
The previously determined crystal structure of the tail knob of Streptococcus phage C1
195
fits into the reconstruction of the corresponding part of the P68 tail with a correlation 196 coefficient of 0.65 ( Fig. 5f ) ( Table S4) 
198
with that of the lower collar protein (Fig. 1b) . The tail of native P68 contains a tubular density
199
that may belong to a terminal protein (Fig. 1b, 5e ), which is covalently linked to the end of P68
200
DNA 13 .
201
An asymmetric reconstruction of the tail spike provides evidence that it has fivefold 202 symmetry (SFig. 9). Fivefold symmetrized, localized reconstruction of the tail spike shows that it
203
is 110 Å long and has a maximum diameter of 70 Å (Fig. 5g) . It can be divided into the chalice, 204 8 which mediates attachment to the tail knob, and distal lysis domain (Fig. 5g) 
212
Tail fibers
213
The tail fibers of P68 form a skirt-like structure around the tail (Fig. 1a, Fig 6a) . Each tail
214
fiber is a trimer of 647-residue-long gp17 subunits (Fig. 6b) . The tail fiber can be divided into the 215 N-terminal stem domain (residues 1-145), platform (151-445), and C-terminal tower (446-647)
216
( Fig. 6b) .
217
Cryo-EM reconstruction of the P68 tail enabled the building of the structure of the stem 218 domain, which can be further sub-divided into a connector (residues 1-45), shoulder (46-80),
219
hinge (81-115), and arm (116-145) (Fig. 6b) . Because of the asymmetric shape of the tail fiber,
220
the three constituent subunits (A, B, and C) differ in structure from each other (Fig. 6b) .
221
Functionally important differences are found in the connector regions that mediate the 222 attachment of the tail fiber to the portal and lower collar complexes (Fig. 6a) . The connector 223 domain of subunit A and shoulder from subunit C form a noose-like structure that encircles the 224 N-terminal tail-fiber hook of the portal protein (Fig. 6a) . The connector of subunit B binds to the 225 shoulder domains of subunits A and B from the tail fiber positioned counterclockwise when 226 looking at the tail from the direction of the head (Fig. 6a) . The first structured residue of the 
231
The shoulder domain of the tail fiber is straight until the hinge domain, which introduces 232 a turn of 110° (Fig. 6b) . The hinge of subunit C is formed by two α-helices connected by a short 233 loop, which allows the chain to bend and pass under subunits A and B (Fig. 6b) . After the hinge,
234
the three subunits form a straight coiled-coil arm (Fig. 6b) .
235
The cryo-EM reconstruction of the P68 tail is complemented by the crystal structure of 236 the tail-fiber protein determined to a resolution of 2.0 Å (Table S6) . Although the full-length tail 237 fiber protein was used for crystallization, only the platform and tower domains (residues 139-238 647) were resolved (Table S6 ). The combination of cryo-EM and X-ray results allowed 239 construction of the complete tail fiber.
240
The platform domain of the P68 tail fiber has a five-bladed β-propeller fold (Fig. 6b) .
241
Each of the blades contains four anti-parallel β-strands. The domain is cyclically enclosed, since 242 the first N-terminal β-strand of the domain is part of the same blade as the last three C-terminal 9 β-strands (Fig. 6b) 
251
The tower domain of the P68 tail fiber is composed of two sub-domains (residues 454 -252 555 and 556 -645), which are structurally similar to each other (Fig. 6b) . Each sub-domain is
253
formed of a four-stranded antiparallel beta-sheet connected by loops and two short helices 254 (Fig. 6b) . The beta-sheets are positioned close to the threefold axis of the fiber, whereas the 255 loops and helices are exposed at the surface. The sub-domains are homologous to putative 256 major teichoic acid biosynthesis protein C, muramidases, and receptor binding fibers of R-type 257 pyocin (Table S7) 35 . Thus, the tower region may be involved in binding to the cell wall or 258 peptidoglycan digestion. Compared to the tail fiber of phage phi11, the platform and tower
259
domains of P68 exhibit domain swapping within the trimer of the tail fiber (SFig. 11) 32 .
260
The cryo-EM structure of P68 tail shows interactions of residues 229-271 of platform 
262
domains from the neighboring tail fiber (Fig. 1ab, Fig. 6a) . The interface has a buried surface
263
area of 1,100 Å 2 and it is likely that it stabilizes the "skirt" structure of P68 tail fibers. The 264 flexibility of the hinge region of tail fibers was proposed to facilitate receptor binding in other 265 phages 32 . In contrast, in P68 the structure of tail fibers appears to be rigid.
266
Changes in P68 particles associated with genome release
267
The genome release of P68 is connected to the disruption of the unique contact of the 268 portal protein subunit with the DNA, loss of the ordering of most of the wing domains of the 269 portal proteins and of the inner core proteins (Fig. 1b-d 
274
The heads of P68 particles in the process of genome release contain shells of packaged
275
DNA that are spaced 26-30 Å apart, whereas in the full virions the DNA spacing is 20 Å (Fig. 1bc, 
276
SFig. 14). The resolved structure of the layers of dsDNA in the P68 genome release intermediate
277
indicates that all the particles released similar amounts of DNA and provides evidence of a 278 gradual relaxation of the DNA packing during the genome release.
279
Only 2% of P68 genome release intermediates and empty particles retained their tail 280 knobs and tail spikes in vitro (SFig. 1). However, the tail knobs and tail spikes of the complete empty particles contain central channels (Fig. 1d) , indicating that the complexes may remain 282 attached to P68 virions during genome release in vivo.
284
Mechanism of P68 genome delivery
285
P68 virions bind to the S. aureus cell either by head or tail fibers (Fig. 7) . After the 286 attachment, tail spike proteins degrade the cell wall, which allows the phage to position itself 287 with its tail axis perpendicular to the cell surface (Fig. 7) . 
312
The whole P68 virion is shown in (a), whereas particles without the front half are shown in (b-d).
313
The structures are colored to distinguish individual types of structural proteins and DNA. 
315
